IL-23 activates the synthesis and production of Leukotriene B4 (LTB4) in myeloid cells, which modulate inflammatory arthritis. In this manuscript we investigate the role of LTB4 and its receptor LTB4R1 (BLT1) in synovial inflammation and osteoclast differentiation. Specifically, we utilized IL-23 in vivo gene transfer to induce arthritis in mice and showed that elevated serum LTB4 and synovial expression of 5-LO correlated with increased disease severity by histological evaluation and paw swelling compared to GFP-gene transfer controls. To further investigate the effect of LTB4 pathway in bone loss we performed osteoclast differentiation assays by stimulating with M-CSF and RANKL bone marrow cells derived from BLT1 +/+ and/or BLT1 −/− mice and utilized qPCR for gene expression analysis in terminally differentiated osteoclasts. Deficiency in BLT1 resulted in the up-regulation of osteoclast related genes and an increase in the formation of giant, multi-nucleated TRAP + cells capable of F-actin ring formation. In addition, BLT1 deficiency showed an increase of phosphorylated NF-κB and phosphorylated IκB levels in osteoclasts. We also performed real time calcium imaging to study the effect of BLT1 deficiency in RANKL-induced activation of intracellular calcium flux in vitro. Our data show that LTB4 and its receptor BLT1 exacerbate synovial inflammation in vivo and bone resorption in vitro suggesting LTB4 and BLT1 could be effectively targeted for the treatment of musculoskeletal diseases.
Introduction
Interleukin-IL23 (IL-23) and Leukotriene B4 (LTB4) are two mediators that are known to play separately major roles in the pathogenesis of several autoimmune/inflammatory diseases including Rheumatoid arthritis (RA). They are both found elevated in the serum, synovial fluid of patients with RA, and participate in the induction of pro-inflammatory cytokines that cause further damage to the joints (1, 2) . IL-23 is a pro-inflammatory cytokine produced by innate immune cells and is well known to be essential for the T lymphocyte differentiation through IL-23R signaling (3, 4) . IL-23 has been implicated in mediating inflammatory bone loss (5, 6) attributable to excessive bone resorption by osteoclasts.
Osteoclasts are giant, multinucleated, bone-degrading cells derived from monocyte/ macrophage precursor cells and develop into fully functional osteoclasts upon macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear factor κB ligand (RANKL) activation (7) . M-CSF is crucial for the proliferation and survival of precursor cells of osteoclasts, mainly by activating ERK (extracellular-signal-regulated kinase) and AKT through PI3K (phosphoinositide 3-kinase) (8) . A series of genetically modified mice has clearly shown that RANKL-RANK signaling plays a pivotal role in osteoclastogenesis and osteoclast function (9, 10) . The crucial target of signaling by RANKL is activation of TRAF6 (TNF receptor-associated factor 6), which leads to the activation of nuclear factor kappa B (NF-κB) and mitogen-activated kinases (MAPKs), including JUN N-terminal kinase (JNK) and p38 (11) . NF-κB protein is sequestered in the cytoplasm in normal states forming a complex with inhibitor κB (IκB). RANKL is able to induce the phosphorylation of IκB, which is a prerequisite to NF-κB cascade activation (12) . Active NF-κB translocates to the nucleus and activates the osteoclast differentiation transcription factors c-fos and nuclear factor of activated T-cells cytoplasmic 1 (NFATc1), which collectively orchestrate the transcription of osteoclast related genes including tartrate resistant acid phosphatase 5, (Acp5), matrix metallopeptidase-9 (Mmp9), and cathepsin K (Ctsk) (13) . IL-23 has been shown to promote human and mouse osteoclast formation in vitro (14) (15) (16) . We recently described a new role of IL-23 in activating the synthesis and production of LTB4 in innate immune cells, essential to orchestrate osteoclast differentiation and activation in inflammatory arthritis (17) . Moreover we showed that LTB4 activates significant calcium flux on osteoclast precursors, which is known to augment osteoclastogenesis (13, 16) . Furthermore, IL-23 cross-talk with ITAM-immunoreceptors induces calcium signaling which are also involved in activating the leukotriene biosynthesis pathway (16) .
LTs are produced predominantly by inflammatory cells at the nuclear envelope in response to a wide range of stimuli. They are generated by the release of arachidonic acid (AA) from membrane phospholipids through the action of cytosolic phospholipase A2 (cPLA2). AA is first oxidized into 5-hydroperoxyeicosatetraenoic acid (5-HPETE) and then in leukotriene A4 (LTA4) by the 5-lipoxygenase (5-LO) and 5-lipoxygenase-activating protein (FLAP) complex. Depending on the cellular enzymes present and cell specificity, the LT cascade branches to LTB4 or LTC4 synthesis (18, 19) . The action of LTB4 is mediated through two seven-pass transmembrane G-protein coupled receptor (GPCRs). LTB4 activates, high and low-affinity receptors, LTB4 receptor type-1 (BLT1) and LTB 4 receptor type-2 (BLT2) respectively (20, 21) . The leukotriene biosynthetic pathways and LTB4 receptors plays an important role in the development of inflammatory arthritis (22, 23) . BLT1-deficient mice are resistant to both K/BxN serum transfer arthritis and collagen-induced arthritis and BLT1 inhibitor, CP-105,696 is sufficient to offer complete protection of mice from developing arthritis (24, 25) . In vitro and in vivo studies demonstrated that LTB4 could directly stimulate osteoclast differentiation in mouse and human (26) and bone resorption in mouse (27) . Therefore, elucidating the LTB4/BLT1 axis regulatory mechanisms of the differentiation and activation of osteoclasts is critical for an improved understanding of pathological bone loss. Despite this strong indications in animal models clinical trial of a LTB4 receptor antagonist, (BIIL 284), in patients with rheumatoid arthritis produced only modest improvements in disease activity based on ACR scores, and unfortunately the structural bone damage was not evaluated (28) .
In this study, we identified critical roles for BLT1 in IL-23 induced myelopoiesis and osteoclastogenesis. We demonstrated that systemic overexpression of IL-23 increase LTB4 serum levels compared to control mice and increase the expression of key enzymes in LTB4 synthesis pathway in the synovium. Furthermore, we observed that BLT1 −/− mice are more potent to osteoclast formation than BLT1 +/+ due to an increase of phosphorylated NF-κB and phosphorylated IκB levels and higher calcium activity in osteoclast. Collectively our results highlight a negative regulatory role of BLT1 in RANKL-induced osteoclastogenesis and the associated inflammatory bone loss.
Method
Reagents and mice B10.RIII [B10.RIII-H2r H2-T18b/(71NS)SnJ], BLT1 −/− [B6.129S4-Ltb4r1tm1Adl/J; (29) ] and strain-matched BLT1 +/+ C57BL/6 mice were purchased from Jackson Laboratories (Sacramento, CA, USA), breed and raised in the same facility with identical specific pathogen-free conditions. The University of California at Davis Institutional Animal Care and Use Committee approved all animal protocols. LTB4 measurement was performed according to the protocol described in the LTB4 EIA protocol by Cayman Chemicals (LTB4 EIA kit, Cayman Chemicals Ltd., Michigan, USA). Serum IL-23 was assayed using an ELISA purchased from BioLegend in accordance with the manufacturer's instructions. Flow cytometry anti-mouse CD16/32 (93), CD11b (M1/70), Ly-6C (HK1.4), Ly-6G (1A8) and CD115 (AFS98) were all purchased from BioLegend (San Diego, USA). All cell incubations were performed in culture medium consisting of αMEM with 2mM Lglutamine, 10% heat-inactivated FBS, 100 IU/ml Penicillin and 100 IU/ml Streptomycin (Life Technologies). Mouse soluble M-CSF and RANKL were purchased from R & D Systems, Inc (Minneapolis, USA). AlamarBlue solution (Life Technologies) was used for cell viability assay. The phospho-AKT (D9E), total AKT (C67E7), phospho-ERK1/2 (D13.14.4E), total ERK1/2 (3A7), phospho-IκBα (14D4), total IκBα (44D4), Phospho-NF-κB (93H1), total NF-κB (C22B4), were all purchased from Cell signaling (Cell signaling, USA). IRDye 800CW Donkey anti-Rabbit IgG (H + L) and IRDye 680LT Donkey antiMouse IgG (H + L) were all purchased from LICOR Biosciences.
Microarray Analysis
Total RNA was amplified and purified using an Ambion Illumina RNA amplification kit (Ambion) to yield biotinylated cRNA and 1.5 μg of cRNA samples were hybridized to Illumina WG-6 v2.0 chips according to manufacturer's instructions. Arrays were scanned by Illumina iScan. Raw data were extracted using the software provided by the manufacturer (Illumina GenomeStudio) analyzed and deposited in NCBI GEO under assesion number: GSE86998, http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE86998
Production and purification of GFP and IL-23 minicircle DNA and hydrodynamic delivery Minicircle-RSV.Flag.mIL23.elasti.bpA or RSV.eGFP.bpA was produced as described by Chen et al (30) . A single isolated colony from a fresh plate was grown for 8 h in 2 ml LuriaBertani broth with kanamycin. Eight hundred microliters of this culture was used to inoculate 1L Terrific broth and grown for an additional 17 h. Overnight cultures were centrifuged at 20°C, 4000 rpm for 20 min. The pellet was resuspended 4:1 (v/v) in fresh Luria-Bertani broth containing 1% L-arabinose. The bacteria were incubated at 32°C with constant shaking at 250 rpm for 2 h. After adding half volume of fresh low-salt LuriaBertani broth (pH 8.0) containing 1% L-arabinose, the incubation temperature was increased to 37°C and the incubation continued for an additional 2 h. Episomal DNA circles were prepared from bacteria using plasmid purification kits from Endofree Qiagen Megaprep (Chatsworth, CA, USA). Hydrodynamic delivery of MC DNA using the tail vein was performed as previously described, resulting in stable overexpression of IL-23 for a period of at least 90 days (6) .
Evaluation of Arthritic Clinical Score
Disease severity for each limb is recorded as follows: 0 = normal; 1 = erythema and swelling of one digit; 2 = erythema and swelling of two digits 3 = erythema and swelling of more than two digits and/or swelling ankle joint. The clinical arthritis score is defined as the sum of the scores for all four paws of each mouse.
Immunohistochemistry
Immunohistochemistry staining of 5-LO was performed at day 14 on formalin-fixed paraffin-embedded joint tissues collected from GFP MC and IL-23 MC B10.RIII injected mice. Paraffin slides were deparaffinized using xylene and serial alcohol, and decalcified using Decalcifier I solution (Leica Biosystems) according to manufacturer's instructions. The slides were immunostained using primary anti-5-LO antibody (abcam #39347, 1:100) or anti-rabbit IgG isotype control at 4°C overnight, followed by incubation using biotin-labeled secondary (Sigma 1:800) for 1 hour at RT, and Advanced avidin/biotin staining system (Vector Laboratories), according to manufacturer's instructions. Images were acquired using C1 confocal microscope (Nikon).
Mouse osteoclast assays
Osteoclasts were differentiated from bone marrow cells as previously described (6) . Briefly, hematopoietic bone marrow cells were flushed from tibia and femurs of 8-12-week-old BLT1 +/+ and BLT1 −/− mice. Cells were differentiated with 25 ng/ml of mouse M-CSF for 2 days, then with 25 ng/ml of mouse M-CSF and 30 ng/ml of mouse sRANKL for 2, 4 or 6 days as indicated in individual experiments. Mature osteoclasts were identified microscopically and cytochemically as multinucleated (more than three nuclei) TRAP cells using a commercially available kit (Sigma-Aldrich). Functional assessment of osteoclast formation was performed using F-actin staining, cells were incubated with TRITCconjugated phalloidin (Sigma-Aldrich) for 20 min. Images were acquired using A1 confocal microscope (Nikon).
RNA extraction and real-time quantitative PCR
Osteoclast differentiation was quantified by the RNA expression of osteoclast marker genes using reverse-transcription quantitative PCR. Total RNA was purified using the RNeasy Mini Kit (Qiagen). RNA preparation was reverse-transcribed using Omniscript RT Kit (Qiagen). The resultant cDNA were amplified by qPCR using Brilliant III Ultra-Fast SYBR QPCR (Agilent technologies) with the following primers: Mouse B2m, 5′-CTGCTACGTAACACAGTTCCACCC-3′ and 5′-CATGATGCTTGATCACATGTCTCG-3′; mouse Nfatc1, 5′-TTGCGGAAAGGTGGTATCTC-3′ and 5′-TGGGAGATGGAAGCAAAGAC-3′; mouse Ctsk, 5′-AAGTGGTTCAGAAGATGACGG-3′ and 5′-TCTTCAGAGTCAATGCCTCCG-3′; mouse Acp5, 5′-AGCAGCCAAGGAGGACTACGT-3′ and 5′-TCGTTGATGTCGCACAGAGG-3′; mouse Mmp9, 5′-AATCTCTTCTAGAGACTGGGA-3′ and 5′-AGCTGATTGACTAAAGTAGCT-3′; and mouse Calcr, 5′-GCCTCCCCATTTACATCTGC-3′ and 5′-CTCCTCGCCTTCGTTGTTG-3′. Experiments were performed 3 times, in triplicate wells. Data elaboration was performed as relative quantification analysis using the 2 −ΔΔCT method. Data were normalized with an internal B2m control. Gene expression was expressed relative to the control M-CSF group gene expression profile.
Flow cytometry
Blood samples were collected in EDTA tubes (Sarstedt) from tail bleeds and labeled with leucocyte-specific antibodies as previously described (31) . Red blood cells were lysed by ACK (Life Technologies). Non-specific binding was blocked with TruStain FcX antibody for 10 min at 4 °C in FACS buffer (Ca 2+/ Mg 2+ -free PBS with 0.5% BSA), before staining with appropriate antibodies CD11b (1:200), Ly-6C (1:800), Ly-6G (1:1000) and CD115 (1:500). Cells and beads (polyscience) were counted on an Attune Cytometer (Life Technologies) and analyzed using FlowJo software (Tree Star, Ashland, OR, USA).
Calcium imaging
Bone marrow cells from BLT1 +/+ and BLT1 −/− mice were isolated, plated onto 35 mm petri dishes and differentiated into osteoclasts as described above. After 48 hours of stimulation in the presence or absence of 30 ng/mL RANKL, macrophages and osteoclasts were loaded with the calcium-sensitive dye Fluo-4-AM at 2.5 μM (Molecular probes) including 0.1% Pluronic F-127 (Invitrogen) for 30 min on 37°C in their culture medium. Prior to imaging with a confocal upright microscope (Nikon), cells were washed with medium and then incubated for another 15 min in their respective culture medium including all supplements including MCSF +/− RANKL in the absence of phenol red. Ca 2+ -induced fluorescence in cells was recorded in time-lapse videos in this medium, in a 1-second interval mode for a total duration of 5 min and interpreted using NIS-Elements BR software (Nikon Instruments, NY, USA) and Microsoft excel (Microsoft).
Western Blot and phosphorylation studies
Bone marrow derived macrophages and osteoclasts cells were lysed in a RIPA buffer (cell signaling) with phosphatase inhibitors (Pierce) and Mini EDTA-free Protease Inhibitor Cocktail (Roche). Insoluble material was removed by centrifugation at 13,000g for 20 minutes at 4°C. Final protein concentrations were determined using BCA protein assay kit (Pierce). Electrophoresis was performed using 4~15% Mini-PROTEAN TGX Precast Gels (Bio-Rad) and the blots were transferred to PVDF membranes (EMD Millipore). After 1 h of blocking with 5% BSA membranes were incubated overnight at 4 °C using appropriate primary antibodies. Membranes were incubated with IRDye rabbit and mouse secondary antibodies (1:10000) (LICOR Biosciences) for 1 h protected from light. Membranes were scanned using an Odyssey Imaging System and analyzed with Odyssey v2.0 software (LICOR Biosciences). Time dependent phosphorylation experiments were performed in total cell lysates isolated from bone marrow derived macrophages for M-CSF studies and osteoclasts for RANKL studies. Cells were serum starved using serum free medium for at least 8 hours prior to stimulation with 100ng/ml M-CSF or 100ng/ml RANKL and total cell lysates were collected after 0, 5, 15, 30, and 60 minutes.
Statistical analysis
Statistical tests included unpaired, two-tailed Student's t test, Mann-Whitney test or ANOVA where appropriate as indicated in individual figure legends. A P value of 0.05 or less was considered to denote significance.
Results

Hydrodynamic delivery of IL-23 MC induces LTB4 synthesis in vivo and inflammatory arthritis
IL-23 was overexpressed in 10-12-week-old B10.RIII male mice using minicircle DNA (IL-23 MC) by hydrodynamic tail vein injection to investigate whether IL-23 affects the expression of the potent chemoattractant and pro-inflammatory mediator LTB4. Control groups included mice injected with equal amounts of GFP minicircle DNA (GFP MC). To quantify serum IL-23, blood samples were collected 3 days after the injection. IL-23 MC injected mice revealed a significant elevation of serum IL-23 whereas GFP MC injected mice did not have detectable levels of IL-23 (Fig. 1A) . Interestingly, 7 days after IL-23 MC injection we observed an increase in serum LTB4 (Fig. 1B) .
The increased expression of IL-23 and LTB4 in IL-23 injected mice was associated with joint swelling and erythema of the front and hind paws (Fig. 1C) with a maximum incidence of 71% (Fig. 1D) , which was completely absent in mice treated with GFP MC. Representative images of hind paws from both experimental groups at the end of the experiment are shown in Fig. 1C, 1E .
Histological analysis of the ankle joints, 14 days after GFP or IL-23 MC injection, showed that 5-LO, a key enzyme in LTB4 synthesis was abundantly expressed in the joints of IL-23 MC injected mice compared to control mice as indicated by dark brown precipitate (Fig. 1G,  1H) . Furthermore, haematoxylin staining demonstrated that joints of IL-23 MC injected mice had cellular infiltrates within the joint space (Large arrow) and infiltrating pannus containing 5-LO expressing cells (small black arrows). Collectively our data provide novel evidence that 5-LO, which plays a critical role in the biosynthesis of LTB4, is associated with IL-23 induced synovial inflammation.
IL-23 expression induces myelopoiesis independently of BLT1 pathway
Since the LTB4-BLT1 pathway is involved predominantly in myeloid recruitment into the joint (22, 24), we examined whether BLT1 deficiency affect neutrophil and monocyte population in peripheral blood by flow cytometry analysis post IL-23 gene-transfer. We performed gated analysis of both monocyte subsets namely CD115 + Ly-6C low (a) and CD115 + Ly-6C hi (b) and a neutrophil population detected in the CD115 − Ly-6C + and CD11b + Ly-6G + (c) in BLT1 +/+ mice ( Fig. 2A) . We performed the same gating strategy in the BLT1 −/− mice (Fig. 2B ) and our direct comparison two days after IL-23 MC injection, revealed an expansion of the monocytes in the blood of both BLT1 +/+ (Fig. 2C) and BLT1 −/− mice (Fig. 2E) compared to GFP MC. In both BLT1 +/+ and BLT1 −/− mice, the proportion of Ly-6C hi monocytes is increased in IL-23 gene transfer but not the Ly-6C low monocytes. Moreover, the total number of circulating neutrophils was significantly higher with IL-23 MC compared with GFP MC in BLT1 −/− as well as in BLT1 +/+ mice ( Fig. 2D  and F) . We performed identical analysis to bone marrow populations where we show that there is no difference (Supplementary Fig. 1 ). Taken together, these data demonstrate that inflammatory monocytes and neutrophils are equally increased after IL-23 gene transfer between BLT1 +/+ and BLT1 −/− mice and demonstrate that genetic ablation of BLT1 receptor does not influence myeloid egression from the bone marrow to peripheral blood.
BLT1 deficient mice show increased osteoclast differentiation
LTB4/BLT1 related genes are expressed in monocyte/macrophage (32, 33) osteoclast precursors, however little is known about their expression and function in osteoclasts. To further study the role of BLT1 on myeloid cells, we performed DNA microarray analysis on macrophages and terminally differentiated osteoclasts and specifically analyzed the expression of genes that regulate LTB4 synthesis and signaling namely Alox12 (arachidonate 12-lipoxygenase), Alox15 (arachidonate 15-lipoxygenase), Alox5 (arachidonate 5-lipoxygenase), Alox5ap (arachidonate 5-lipoxygenase activating protein), Alox8, (arachidonate 8-lipoxygenase), Lta4h (leukotriene A4 hydrolase), Ltb4r1 (leukotriene B4 receptor 1), Ltb4r2 (leukotriene B4 receptor 2), Ltc4s (leukotriene C4 synthase). From this selection of LTB4 synthesis and signaling related genes, we observed that only Ltb4r1 (BLT1) expression decreased by more than 2 fold between macrophages (Mφ) and osteoclasts (OC) (Fig. 3A and 3B ). However Ltb4r2 (BLT2) expression was not different in macrophages compared to osteoclasts, also confirmed by real-time PCR (data not shown). These results suggest a more important role of BLT1 in RANKL-induced osteoclast differentiation compared to BLT2.
To address any potential functional significance we performed osteoclastogenesis assays derived from BLT1 +/+ and BLT1 −/− bone marrow cells. We observed that mouse osteoclast precursors successfully differentiated into large (100-300 um) multinucleated TRAP + osteoclasts after a total of 6 days of M-CSF and RANKL treatment in both BLT1 +/+ and BLT1 −/− cells (Fig. 3C) . Interestingly the number of TRAP + multinucleated cells was significantly increased in BLT1 −/− mice (p<0.05) (Fig. 3D) . BLT1 +/+ and BLT1 −/− osteoclasts exhibited normal F-actin ring shown in RANKL treated cultures (Fig. 3E) . Together, these results shows that the BLT1 −/− bone marrow cells are able to differentiate into mature osteoclasts and have an increased potential to osteoclast formation. To determine at which stage of osteoclast differentiation BLT1 plays a role, we performed realtime qPCR analysis in bone marrow cells cultured with M-CSF and stimulated with RANKL for 4 days. We found that Acp5, Ctsk and Mmp9 mRNA levels were significantly increased in BLT1 deficient osteoclasts compared to BLT1 +/+ osteoclasts (Fig. 3F, 3G, 3H) . Calcr showed an increasing trend that did not reach significance (Fig. 3I) . Interestingly Ctsk and Mmp9 were significantly elevated even at the earlier time-point of day 2 in BLT1 −/− compared to BLT1 +/+ osteoclasts ( Supplementary Fig. 2 ) suggesting that BLT1 signaling may play a role in cell differentiation program of osteoclasts rather than its activation. M-CSF stimulation, showed no statistical differences between BLT1 −/− and BLT1 +/+ cells. Consistent with the suspected role of BLT1 in RANKL-induced osteoclast differentiation, we observed that osteoclast related genes increased in BLT1 −/− osteoclasts compared to BLT1 +/+ suggesting that BLT1 may suppress osteoclast differentiation.
BLT1 −/− mice exhibit increased RANKL-induced NF-κB activity
To gain insight into the mechanism by which BLT1 modulates osteoclast differentiation, we investigated the effects of M-CSF and RANKL signaling in downstream effectors and transducers and performed cell viability assays. Specifically we performed cell viability assays in bone marrow cells isolated from BLT1 +/+ and BLT1 −/− mice in day 2, 4 and 6 after RANKL stimulation. Although we observed that BLT1 −/− bone marrow cells at day 2 had a slightly decreased number of viable cells compared to BLT1 +/+ cells, it did not affect the cell viability at day 4 and day 6 after RANKL stimulation which was when we performed our assays (Fig. 4A) . To further investigate the M-CSF survival pathway we performed Western blotting on total cell lysates stimulated with M-CSF (100ng/ml), at different time points and measured the activation of ERK and Akt signaling implicated in regulation of osteoclast precursor survival and proliferation. We observed no differences between BLT1 +/+ and BLT1 −/− bone marrow macrophages in AKT and ERK1/2 signaling activation (Fig. 4B) . To determine the influence of BLT1 deficiency in osteoclast differentiation pathways we performed Western blotting on total cell lysates stimulated with RANKL (100ng/ml), at different time points and measured the phosphorylation of IκBα, and NF-κB (Fig. 4C) . Our data showed a significant increase of phosphorylated IκBα levels, which were also accompanied by an up-regulation of NF-κB levels in BLT1 −/− compared to BLT1 +/+ osteoclasts. The enhanced RANKL-induced phosphorylation of NF-κB pathway in BLT1 deficient mice is in keeping with an inhibitory role of BLT1 on RANKL-induced NF-κB signaling pathway during osteoclastogenesis.
Increased calcium activity in RANKL-stimulated BLT1 −/− macrophages
To investigate the intracellular signaling pathways that involve BLT1 in osteoclast formation, we performed calcium-imaging experiments. Quantitative and qualitative properties of cells displaying Ca 2+ oscillation-like patterns were analyzed in response to M-CSF +/− RANKL for 48 h in bone marrow macrophages derived from BLT1 +/+ and BLT1 −/− mice (Fig. 5) . Whereas macrophages stimulated with M-CSF and loaded with Fluo-4-AM exhibited similar Ca 2+ activity between BLT1 +/+ and BLT1 −/− (Fig. 5C ), RANKL stimulation significantly increased the relative number of responding cells in BLT1 −/− compared to BLT1 +/+ samples (Fig. 5D) . However, the number of Ca 2+ transients in those responding cells remains unchanged between the two groups (Fig. 5E) . Taken together these data emphasize that BLT1 deficiency increases the relative number of cells that show calcium signaling in response to RANKL stimulation -whilst there is no qualitative difference in Ca 2+ oscillations.
Discussion
In this study, we have reported a link between IL-23 and LTB4 synthesis pathway in the pathophysiology of chronic inflammatory arthritis. We demonstrated that BLT1 is not essential to IL-23 derived myelopoiesis-induced arthritis. Furthermore we found a regulatory role of BLT1 on osteoclast differentiation via NF-κB and Ca 2+ signaling. We described LTB4 pathways activation by IL-23 and demonstrated BLT1 regulatory role on osteoclasts differentiation in murine model of chronic inflammatory arthritis.
IL-23 overexpression in adult mice using hydrodynamic delivery of IL-23-encoding MC DNA induced high levels of LTB4 associated with abundant cellular infiltrate in the synovium expressing 5-LO. Our results suggest that LTB4 could play a critical role in the induction as well as perpetuation of arthritis by IL-23 overexpression through egression of myeloid cell populations pertinent to arthritis initiation and progression. Indeed, as a chemoattractant of monocytes and neutrophils, LTB4 might be the major mediator of joint inflammation observed in IL-23 MC injected mice. LTB4 along with the components of the LTB4 pathway (including 5-LO) are present in serum and synovial fluid from patients with active rheumatoid arthritis and its levels correlate with the disease severity (2, 34) . Moreover the absence of BLT1 signaling is protective in various animal models of systemic inflammation including collagen-induced arthritis (23, 29, 35, 36) .
Neutrophil infiltration into the joints is a prominent feature of mice with inflammatory arthritis. Once in the joint, neutrophils perpetuate their own recruitment by releasing LTB4 contributing to the chronicity of the disease (22) . Previous studies using BLT1 deficient mice report that neutrophil expression of BLT1 was absolutely required for arthritis generation and neutrophils recruitment into the joint in K/BxN mouse model of inflammatory arthritis (24) . In the present study, we report that IL-23 systemic overexpression induces the expansion of monocytes and neutrophils in the blood, independently of BLT1. Although we did not detect a reduction in myeloid cell population in the bone marrow due to the continuous induction of granulopoiesis and myelopoiesis in our gene transfer model it is evident that IL-23 plays a major role in the emigration of myeloid cells from the bone marrow to the circulation and that LTB4/BLT1 plays a major role in the recruitment of those cells from the circulation to the joint. Interestingly, we observed an increase in circulatory pro-inflammatory Ly-6C hi subtypes but not Ly-6C low monocytes in mice injected with IL-23 MC compared to GFP MC. These findings may be explained by higher proliferative activity or higher kinetics of the development of Ly-6C hi compared to Ly-6C low monocytes (37) . The process of monocyte recruitment and differentiation is still a matter of controversy. Misharin and al. have reported that Ly-6C low monocytes are crucial for the initiation of joint inflammation and can be recruited to the joint during inflammation (38) . Recently, Dal-Secco et al have shown in situ monocyte reprogramming in the liver, from proinflammatory Ly-6C hi cells into reparative Ly-6C low cells and show, that this occurs at the site of injury (39) . Further studies are needed to understand monocyte plasticity within the tissue microenvironment and especially to the joint, as monocytes are known to be osteoclasts precursors.
H. Hikiji et al have previously shown by qPCR that osteoclasts expressed BLT1 mRNA but not BLT2 mRNA (40) . Our DNA-microarray analysis data demonstrate that cultured macrophages and osteoclasts express both BLT1 and BLT2 mRNA. We also observed that BLT1 expression is down-regulated during macrophage to osteoclast differentiation suggesting a possible distinct role of BLT1 in osteoclastogenesis. In fact, our osteoclast differentiation experiments demonstrated that genetic ablation of BLT1 increases RANKLinduced osteoclast formation as evidenced by the formation of multinucleated TRAP + cells that were capable of F-actin ring formation. Moreover, BLT1 −/− osteoclasts presented an increase in mRNA of osteoclast-related genes Acp5, Ctsk and Mmp9, which facilitate bone resorption. These data are in keeping with a marked increase in RANKL-induced IkBα and NF-κB phosphorylation in BLT1 −/− compared to BLT1 +/+ osteoclasts suggesting that BLT1 modulates RANKL signaling. Moreover, we also found an increase in the number of cells exhibiting Ca 2+ activity in BLT1 −/− compared to BLT1 +/+ pre-osteoclasts, which correlates with increased activation of osteoclastogenesis. Although we and others have previously shown that LTB4 signaling induces osteoclastogenesis (17, 27, 40 ), herein we demonstrate that BLT1 in absence of LTB4 negatively regulates osteoclast differentiation via NF-κB and Ca 2+ signaling, thereby associating the LTB4 receptors with dual roles in osteoclastogenesis. Interestingly, others have shown that Resolvin E1 selective binding to BLT1 blocks its stimulation by LTB4 and inhibits receptor signaling and this interaction is followed by attenuation of osteoclastogenesis and resolution of acute inflammation (44) . More importantly, negative regulation of osteoclastogenesis by Resolvin E1 is associated with attenuated NF-κB signaling (41) . Therefore Resolvin E1 and LTB4 have counterregulatory functions on the BLT1 receptor in determining osteoclast growth and function (41) . Moreover, BLT1 is implicated in MyD88-dependent NF-κB activation macrophages (42, 43) and NF-κB activation through TLR engagement is a well-defined negative regulatory mechanism in osteoclastogenesis (44) . Hence, taken together, our data show that under basal conditions, BLT1 negatively regulates osteoclastogenesis via both the activation of NF-κB, and Ca 2+ signaling. In conclusion, a detailed mapping of crosstalk points between pro-inflammatory cytokines and lipid mediators based responses may prove paramount in the design of novel inhibitors, which can be exploited for therapeutic intervention in inflammatory arthritis and merits further investigation.
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